The water loading capacity and water cycle stability (40 adsorption/ desorption cycles) of four nitro-or amino-functionalized MIL-101Cr materials (1−4) is assessed for heat transformation applications. Amino-or nitro-functionalized (1, 3) and partially amino-or nitro-functionalized MIL-101Cr (2, 4) have been synthesized through time-controlled postsynthetic modification of MIL-101Cr. The partially functionalized materials (2, 4) contain about 78 mol % amino-or nitro-functionalized terephthalate linker. Hydrophilic nitro or amino functionalities were introduced into MIL-101Cr in order to achieve water loading at lower p/p 0 values for possible use in thermally driven adsorption chillers or heat pumps. Among the four materials studied, fully aminated MIL-101Cr-NH 2 , 1, and partially aminated MIL-101Cr-pNH 2 , 2, showed the best water loadings (about 1.0 gH 2 O/gMIL) as well as water stability over 40 adsorption−desorption cycles. After 40 cycles, the X-ray powder diffractogram and Brunauer−Emmett−Teller (BET) surface determination of amino-functionalized materials indicated structural integrity with Δ BET = −6.3% after 40 cycles, while the nitro-functionalized MIL-101Cr exhibited a decrease in their BET surface of Δ BET = −25% and −20% for 3 and 4, respectively.
■ INTRODUCTION
In recent years, research on thermally driven adsorption chillers (TDCs) or adsorption heat pumps (AHPs) has gained increasing attention for low-temperature heat transformation applications.
1,2 Traditional compression cooling systems or air conditioning devices use electrical energy, thereby significantly contributing to CO 2 emission. The demand of electrical energy for air conditioning is expected to increase rapidly in the future due to higher living standards as well as architectural trends. To counteract this development, energy-saving air-conditioning technologies are urgently needed. The use of low-temperature waste heat from industrial processes or even solar energy in TDCs provide a promising approach toward heating or cooling with alternative technologies.
Though several working principles are known for this purpose, the reversible evaporation and subsequent adsorption of a working fluid has proven most promising. The principle of this method is illustrated in Figure 1 . In the production or adsorption cycle, a working fluid is evaporated, taking evaporation heat Q evap , thereby producing useful cold in the cooling case, or heat is extracted from a low-temperature heat source in a heating application. Then vapor of the working fluid is adsorbed into a porous material, generating adsorption heat Q ads . This heat is released to the environment in the cooling case or it produces useful heat in the heat pump application. In the regeneration cycle, the porous material is regenerated by applying driving heat Q des for desorption from various external sources like solar energy, industrial waste heat, or a gas burner. The adsorbed fluid that is released condenses at a medium temperature level, releasing the heat of condensation Q cond . This is useful in the heat pump and is released to the environment in cooling application.
Mostly water is used as the working fluid because of its high evaporation enthalpy and ready availability, though other solvents can also be employed for this process. Various adsorbent (solid material)−adsorbate (working fluid) pairs, for example, zeolite−water, silica gel−water, active carbon− methanol, and active carbon−ammonia, have been studied for these purposes. 3 Though silica gel and zeolites are currently employed in commercial applications, they have many disadvantages. 4, 5 Zeolites have a high affinity for water and already adsorb at low relative pressure of p/p 0 0.001−0.01, but they require high desorption temperatures (typically over 300°C
) and have a low water loading. Silica gels have less hydrophilic character than zeolites, which leads to lower desorption temperatures (typically ca. 100°C) but also to low water exchange within a cycle. Therefore, further development is required on porous materials, which should show a sudden uptake of water vapor at low to medium humidity and also desorption of water vapor from the material at low temperature (below 80°C). 6 For ideal performance, a porous material should perform in the 0.05 < p/p 0 < 0.4 relative pressure range and should have a desorption temperature at or below 80°C. 7, 8 Metal organic frameworks (MOFs)/porous coordination polymers (PCPs) 9 have attracted tremendous attention over the past years.
10 This is due to their porosity, large inner surface area, tunable pore sizes, and topologies, which leads to versatile architectures and promising applications, such as ion exchange; gas adsorption and storage of, in particular, hydrogen and methane; 11 gas 12 and liquid 13 PCPs/MOFs are well-known porous materials owing to extremely high possible surface areas (>6000 m 2 /g in the case of MOF-210 24 or NU-100 25 ), exceeding the values for silica gels, active carbons, and zeolites. Compared with other sorption or porous materials like active carbon or zeolites, the sorption properties of MOFs can be designed and fine-tuned through the organic ligands, including their postsynthetic modification. 26 Variation of the organic ligand's functionality provides ample opportunities for pore size tuning and for changing the affinity of the surface toward different adsorbates. An advantage of MOFs over other porous materials is their perfectly identical pore size over the whole framework structure.
The hydrothermal instability of most MOFs limits their industrial application as adsorbents. However, MOFs that are synthesized hydrothermally are expected to show higher water stability, though their porosity as well as crystallinity in the absence of water molecules needs to be explored. (Figure 2 ) with high surface area (BET surface area of 4000 m 2 /g). 34 MIL-101Cr is synthesized in quite harsh reaction conditions (220°C in water). Thus, a fundamental water stability of this material can be expected, which was explored before from our research group. 30 MIL-101Cr adsorbs most water in the relative pressure range 0.40 < p/p 0 < 0.54. 30 Although the results are very promising, MIL-101Cr could not meet the criteria for ideal performance in heat transformation applications.
In order to improve the water sorption performance of MIL101Cr, we have introduced hydrophilic nitro (-NO 2 ) and amino functionality (-NH 2 ) via postsynthetic modification (PSM). PSM is now a widely used technique to create suitable functionality in the organic linkers in MOFs. 35 Nitro and amino functional groups were introduced in MIL-101Cr under (b) , which build up the MTN zeolite network, are pentagonal and hexagonal rings. The yellow spheres in the mesoporous cages in panel b, with radii of 14.5 or 17 Å, respectively, take into account the van der Waals radii of the framework walls (water-guest molecules are not shown; adapted from CSD-Refcode OCUNAK). 34 . extremely strong acidic conditions (nitrating acid for nitration and SnCl 2 /concentrated HCl for amination, cf. Scheme 1). 36 Moreover, partially functionalized materials (-pNO 2 and -pNH 2 ) with two different organic ligands in the same framework have been synthesized, which are difficult to obtain through direct synthesis. Recently a water sorption study of functional MIL-101Cr materials was reported in the literature. 37 Yet our work on functionalized MIL-101Cr differs: we have explored the water sorption properties of MIL-101Cr-NH 2 (1), MIL-101Cr-pNH 2 (2), MIL-101Cr-NO 2 (3), and MIL-101Cr-pNO 2 (4), where p stands for partial ligand amination and nitration; that is, functionalized MIL-101Cr materials containing two different ligands. Water loadings and water stabilities of these modified MIL-101Cr materials have been examined over 40 sorption cycles together with desorption kinetics. This study of hydrothermal cycle stability is a valuable factor for determining applications in a real environment.
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■ RESULTS AND DISCUSSION
MIL-101Cr batches were prepared hydrothermally from chromium nitrate and terephthalic acid as reported in the literature. 34 The as-synthesized materials were activated through washing with N,N-dimethylformamide (DMF), methanol, and water (see Supporting Information). The postsynthetic modification of MIL-101Cr followed the route of nitration by use of mixed nitrating acid (concentrated HNO 3 / concentrated H 2 SO 4 ) to yield MIL-101Cr-NO 2 (3) and subsequent reduction by SnCl 2 /concentrated HCl to obtain MIL-101Cr-NH 2 (1) (Scheme 1) (see Supporting Information). 36 Nitration of the MIL-101Cr sample with a short defined reaction time reproducibly leads to the formation of MIL101Cr samples containing incompletely (78 mol %) nitrated organic linkers, which means it produces mixed-ligand MIL101Cr samples containing both terephthalate and 2-nitroterephthalate (molar ratio ∼1:3.6). This approach opens a new possibility toward the synthesis of mixed-ligand porous materials. Hydrothermal synthesis of two organic ligands simultaneously with the same metal cluster can produce a mixture of materials composed of either individual ligands or mixed ligands, which are very difficult to separate from each other. However, the above time-controlled postsynthetic modification method can exclusively lead to formation of mixed-ligand material. In this way two mixed-ligand MIL-101Cr samples, namely, MIL-101Cr-pNO 2 (4) and MIL-101Cr-pNH 2 (2), were prepared (see Supporting Information for detailed synthesis and activation procedure). The ratio of ligands was determined after decomposition of a probe from the functionalized MIL-101Cr samples with aqueous NaOH solution (see Supporting Information). The mixed ligand complexes 2 and 4 reproducibly contain about 78 mol % 2-aminoterephthalato and 2-nitroterephthalato ligand, respectively, as determined from the relative intensities of the individual signals in 1 H NMR spectra (Figure 3 ). All modified MIL-101Cr samples were characterized by powder X-ray diffractometry (PXRD) and Brunauer−Emmett−Teller (BET) surface area analysis. PXRD patterns of MIL-101Cr samples match well with the simulated MIL-101Cr pattern (Figure 4 ), which confirms that the original MIL-101 framework was retained in all modified samples. BET surface areas of each sample were measured from N 2 sorption isotherms (Table 1) . MIL-101Cr-NH 2 (1) has the highest BET surface area as well as total and micropore volume among all four modified materials. MOFs are microporous materials, so over 80−90% of the pore volume is present as micropore volume (Table 1) .
Water Sorption Isotherms. Water sorption isotherms ( Figure 5 ) of the four postsynthetically modified MIL-101Cr samples were measured volumetrically to examine the effect of ligand functionality. The characteristics of the water adsorption isotherms of MIL-101Cr-NH 2 (1) and MIL-101Cr-NO 2 (3) are in good agreement with previously reported results. 37 MIL101Cr-NH 2 adsorbs a comparable amount of water, but MIL101Cr-NO 2 showed less water sorption compared to previously reported results (0.44 g of H 2 O in 3 versus 0.90 g of H 2 O/g of dry sorbent in ref 37) . This can be attributed to the difference in BET surface area and pore volume of the material (Table 1  and ref 37) . Similar incidents were found with MIL-101Cr, which is known to adsorb 1.0−1.5 g/g water depending on accessible surface area. At high humidity (p/p 0 = 0.8−0.9) the water adsorption correlates with the available pore volume, but it is not the only factor. In addition, hydrophobicity/hydrophilicity of the ligand, hydrogen-bonding capabilities, directing and interference effects of functional groups, site preference, and possible degradation or structure transition of the material can be important influential factors for water uptake capacity, as was discussed for functionalized Zr-based UiO-66 MOFs.
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Like MIL-101Cr, all modified samples showed a small amount of water adsorption even at small relative pressure (p/ p 0 < 0.35) due to water coordination and cluster formation at the hydrophilic vacant metal sites. Significant adsorption of water occurred in a stepwise manner with consecutive filling of the two different mesopores of 29 and 34 Å (see also Figures S6−S9 in Supporting Information). Compared to the nonmodified MIL-101Cr material, the amino-functionalized compounds 1 and 2 start to show large water uptake already below p/p 0 ≈ 0.4 ( Figure 5 , bottom right), in agreement with their anticipated increased hydrophilicity through the added hydrophilic amino sites. 37 In addition, marked differences were observed among the adsorption isotherms of the modified samples in this pore filling region. Amino-functionalized compounds (1 and 2) adsorb water within a narrow range of 0.38 < p/p 0 < 0.48. However, water adsorption isotherms in nitro-functionalized 3 and 4 were widely dispersed and showed an increased hysteresis at p/p 0 0.35−0.65. Water loadings were also markedly different for amino-and nitro-functionalized materials (1.06 g/g for 1, 0.44 g/g for 3; see Table 1 ). In order to explain the large water uptake of 1 and 2, we have measured the nitrogen sorption isotherms of all postsynthetically modified materials (1−4) at 77 K. The BET surfaces and total micropore volumes of 1 and 2 are much higher than those of 3 and 4 (Table 1 ). This explains the larger water uptake capacity of the amino-over the nitro-functionalized materials. All the materials showed a distinct hysteresis between adsorption and desorption branches widely known for mesoporous materials. 7, 30, 33 Unfortunately, this hysteresis somewhat reduces the usable part of the loading lift of the materials.
Heat of Adsorption. Heat of adsorption is an important parameter in adsorption chillers or heat pumps, because it is either useful heat or released to the environment depending on the direction of operation. The differential heat of adsorption can be calculated by use of the Clausius−Clapeyron equation (eq 1) 39 from water adsorption isotherms at 293 and 303 K; see Figures S10 and S11 in Supporting Information. (1)
The obtained average heat of adsorption values for 1−4 (Table  2) are slightly above the molar enthalpy of condensation for water (40.7 kJ/mol).
When these values for heat of adsorption are compared with those for zeolites (Na-A, Li-LSX, and silica-aluminophosphate, SAPOs) or aluminophosphates (AlPOs), distinct differences can be noted. 5 The adsorption enthalpy for zeolites is very high at low adsorbed mass and then gradually decreases, similar to MIL materials. However, the average heat of adsorption in zeolites is still higher (Table 2) which clearly indicates the presence of strong host−guest interactions.
Water Cycle Stability. In order to evaluate hydrothermal stability, materials 1−4 were exposed to continuous water adsorption and desorption cycle experiment between 40 and 140°C under a water vapor pressure of 5.2 kPa. The exchanged mass of water was followed over 40 repeated desorption and adsorption cycles for each compound (Figure 6 and Figures S12−S15 in Supporting Information). Compounds 1, 3, and 4 exhibit an initial drop in the exchanged amount of water. However, from the fourth and 15th cycle on, the desorbed and adsorbed mass of water remains constant for compounds 1 and 3, respectively. For compound 4, the water mass continuously decreases over 40 cycles. Only the partially aminated compound 2 shows a stable mass difference from the very beginning.
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For compound 1, the desorbed and adsorbed amount of water varies in a small range only, especially after the fourth cycle. The maximum adsorbed water mass decreased by 16%, from 0.56 g/g to 0.47 g/g over 40 cycles (see Figure S12 , Supporting Information). The desorption minimum stayed essentially constant at 17.74 ± 0.03 mg. For compound 2, the desorbed and adsorbed amount of water varied even less around an average value of 0.55 ± 0.01 g/g, whereby the desorption minimum was at 7.37 ± 0.04 mg ( Figure S13 , Supporting Information). For compounds 3 and 4, a decrease in the amount of adsorbed water of 11% and 48% was observed.
We have also carried out powder X-ray diffraction (PXRD) as well as BET surface and pore analytics by nitrogen adsorption of compounds 1−4 after 40 water sorption cycles. There is no significant change in crystallinity of the materials as indicated by the PXRD measurements included in Figure 4 . Also, amino-functionalized compounds (1 and 2) have almost no change in BET surface area and pore volume after 40 cycle as observed from N 2 sorption isotherms at 77 K (see Table 1 ). However, significant changes in surface area and pore volume are detected in nitro-functionalized 3 and 4 after cycle measurements. We suggest that the electron-withdrawing effect of the nitro group increases the ionic character of the Cr− carboxylate bonds and, thereby, makes it more prone to hydration and labile. These results also suggest that compounds 3 and 4 are not suitable materials for the intended application of heat transformation by water sorption over a long period of time.
Desorption Enthalpy and Kinetics. Simultaneously with the mass change, we have also determined the desorption enthalpies, which were normalized to the mass of the respective adsorbent masses (Figure 7 and Figures S16−19 in Supporting Information). The decreasing trend for compounds 1, 3, and 4 are in accordance with the difference between the charged and discharged state in Figure 6 . For compound 2, an increase of the normalized desorption enthalpy was observed with increasing cycle number, which can also be found in the relative difference between charged and discharged state in Figure 6 .
For the interesting amino-functionalized compounds 1 and 2, we obtained kinetic desorption data by following the water removal in the thermogravimetric analysis (TGA) at different heating rates. Figure 8 shows the desorption kinetics of 1 and 2 with heating rates of 0.1, 1, and 10 K/min. Desorption is delayed for higher heating rates of 10 and 1 K/min compared to 0.1 K/min, as expected. At a heating rate of 0.1 K/min, the water desorption is almost finished at a temperature of 55°C. For a heating rate of 1 K/min, the water desorption is delayed up to 70−80°C, and for a heating rate of 10 K/min, the delay extends to 120°C and above. While at 10 K/min a sigmoidal desorption curve is observed, a deviation from the "classical" sigmoidal course is found for 0.1 K/min and (less obviously) for 1 K/min. Instead, the course of the kinetic curves of 1 and 2 at 0.1 K/min can be described by a combination of two sigmoidal curves. This phenomenon indicates different coordination sites with different activation barriers. We conclude that, for 1 and 2, the interactions for the last 15− 20% of water molecules increases significantly, which is in agreement with coordination to vacant metal sites and strong hydrogen bonding to amino groups.
The apparent activation energy of the desorption reactions was calculated by the Kissinger method.
40 It is a model-free kinetic analysis, which is broadly applied for solid−gas reactions and physical interactions; see, for example, ref 41 . According to Kissinger, the activation energy can be determined by applying different heating rates, via eq 2 40,41 Figure 6 are not shown. where β = heating rate, T max = temperature at maximum rate, T = temperature, E a = apparent activation energy, and R = gas constant. Plotting ln (β/T max 2 ) versus 1000/RT max gives −E a (cf. Figure 9) .
In Figure 9 the values for the apparent activation energies of 1 and 2 are given. Since the standard deviation for 2 is quite high, this value serves only as orientation. The range of 91−111 kJ/mol is in fact similar to other sorption materials that work in a similar temperature−vapor pressure range: The dehydration of MgCl 2 ·6H 2 O to MgCl 2 ·4H 2 O has an activation energy of 98.3 kJ/mol, and MgCl 2 ·4H 2 O to MgCl 2 ·2H 2 O has an activation energy of 100.9 kJ/mol. 42 Despite the importance of kinetic data, there is a lack of activation parameters and other kinetic information about MOFs. Further research is needed in this field.
■ CONCLUSION
The water sorption properties of functionalized MIL-101Cr materials 1−4 have been investigated in order to contribute to the understanding of sorption properties as a function of functional groups. We have shown that the hydrophilic aminated materials 1 and 2 have a high recyclable water sorption capacity and start with their large water uptake earlier than nonmodified MIL-101Cr. Materials 1 and 2 exhibit no detectable loss of crystallinity or surface area; that is, they show high cycle stability. By comparison, the partially aminated compound 2 shows the best water loading for 40 subsequent water sorption cycles according to mass and enthalpy measurements. The decrease of the water uptake capacity together with BET surface and pore volume of nitrofunctionalized MOFs 3 and 4 is reasoned to be due to the electron-withdrawing character and its decrease on the Cr− carboxylate bond inertness. Water desorption from 1 and 2 occurs at 55°C for a water vapor partial pressure of 5.2 kPa but can be delayed to higher temperature by fast overheating. Activation energies for water desorption from 1 and 2 lie in the range for dehydration of ionic salts.
■ EXPERIMENTAL SECTION
Water cycle measurements: A Mettler Toledo TGA/DSC1 was used for the synchronized thermogravimetric analysis (TGA) and dynamic differential calorimetry (DSC) of the desorption and adsorption cycles. The TGA/DSC was coupled with a humidity generator MHG-32 from the company Projekt Messtechnik. Humidity was directly measured in the TG oven. The air humidity generator regulated the water vapor partial pressure over the full cycle to 5.2 kPa water. The TG oven was flushed with a dry nitrogen flow of 20 mL/min and a humidified nitrogen flow of 190 mL/min. A temperature cycle began after an isotherm at 40°C for 15 min with a heating rate of 10 K/min to 140°C , followed by an isotherm for 30 min. Then the sample was cooled again to 40°C at a rate of 10 K/min, followed by an isotherm for 165 min. In total, 40 cycles were measured for each sample. For each sample a mass of 10−50 mg was used. The Mettler-Toledo software STARe 11.00a was used for data evaluation.
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